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In the process of neuronal wiring, axons derived
from the same functional group typically extend
together, resulting in fascicle formation. How these
axons communicate with one another remains la-
rgely unknown. Here, we show that protocadherin-
17 (Pcdh17) supports this group extension by recruit-
ing actin polymerization regulators to interaxonal
contact sites. Pcdh17 is expressed by a subset of
amygdala neurons, and it accumulates at axon-
axon boundaries because of homophilic binding.
Pcdh17 knockout in mice suppressed the exten-
sion of these axons. Ectopically expressed Pcdh17
altered the pattern of axon extension. In in vitro
cultures, wild-type growth cones normally migrate
along other axons, whereas Pcdh17 null growth
cones do not. Pcdh17 recruits the WAVE complex,
Lamellipodin, and Ena/VASP to cell-cell contacts,
converting these sites into motile structures. We
propose that, through these mechanisms, Pcdh17
maintains the migration of growth cones that are in
contact with other axons, thereby supporting their
collective extension.
INTRODUCTION
Precise control of axon extension and targeting is essential for
neuronal wiring. An important feature of axon extension is that
the axons derived from a specific group of neurons advance
together, forming a fascicle. The formed fascicles are generally
sorted from other axon fascicles derived from different neuronal
groups (Imai et al., 2009; Miller et al., 2010). However, it remains
largely unknown how axons recognize other homotypic axons
and whether these axons exchange any intercellular signals to
accomplish their group extension.DevelopmenProtocadherins are a group of cadherin superfamily members
(Hulpiau and van Roy, 2009). They are subgrouped into clustered
and nonclustered protocadherins. Although the biological func-
tions of clustered protocadherins remain largely unknown,
recent studies revealed that the g-protocadherin groupmediates
self-avoidance of dendrites in the mammalian retina and cere-
bellum (Lefebvre et al., 2012). The nonclustered protocadherins
are widely expressed in the nervous system (Vanhalst et al.,
2005), and their genetic defects cause various brain disorders
(Kim et al., 2011). Previous studies suggest that the d2 group
of nonclustered protocadherins, including Pcdh8, 10, 17, 18,
and 19, might regulate cell motility. Pcdh19 depletion causes
cell movement defects during the neurulation of zebrafish em-
bryos (Biswas et al., 2010). Pcdh10 is required for growth of
striatal axons in mouse brains (Uemura et al., 2007), and this
protocadherin, when exogenously expressed in cultured cells,
promotes their migration (Nakao et al., 2008).
Movement of cells via the leading edge or lamellipodia de-
pends on actin polymerization, which is regulated by various
nucleation-promoting factors, including the Wiskott-Aldrich
syndrome protein (WASP), the WASP family verprolin-homolo-
gous protein (WAVE), and the Enabled/vasodilator-stimulated
phosphoprotein (Ena/VASP) family proteins (Campellone and
Welch, 2010; Insall and Machesky, 2009). WAVE family proteins
organize the WAVE complex by interacting with other mole-
cules, such as HSPC300/Brick1, Abi1, Nck-associated proteins
1 (Nap1), and SRA1/CYFIP1 (Eden et al., 2002; Takenawa and
Suetsugu, 2007). This complex is activated by Rac and in turn
activates the Arp2/3 complex, which nucleates new actin fila-
ments (Pollard and Borisy, 2003). The WAVE complex proteins
are localized at neuronal growth cones and regulate axon growth
(Yokota et al., 2007). Ena/VASP proteins are important for actin
filament elongation (Bear and Gertler, 2009). They are involved
not only in leading-edge progression of cells (Krause et al.,
2003) but also in the formation and elongation of filopodia of
neuronal growth cones (Drees and Gertler, 2008).
In this study, we investigated the molecular functions of proto-
cadherin-17 (Pcdh17), focusing on its expression in amygdala
neurons. The amygdala is a complex structure consisting oftal Cell 30, 673–687, September 29, 2014 ª2014 Elsevier Inc. 673
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emotion and social behavior (Aggleton, 2000; Phelps and Le-
Doux, 2005). We found that Pcdh17 is expressed by a subset
of amygdala nuclei, and its genetic removal causes defects in
their axon growth. Our analysis of Pcdh17 functions revealed
that, whereas this protocadherin undergoes homophilic interac-
tions via its extracellular domain, its cytoplasmic domain associ-
ates with a set of actin polymerization regulators. Through these
interactions, Pcdh17 creates a type of motile machinery at cell-
cell contact sites and sustains cell migration. On the basis of
these observations, we propose a mechanism to control the
collective behavior of axons.
RESULTS
Protocadherin-17 Is Localized on Axon Fibers Extending
from Amygdala Neurons
We examined Pcdh17 expression in embryonic and postnatal
forebrains of wild-type mice by in situ hybridization and also by
X-gal staining in heterozygous mutants of Pcdh17 knockout
mice, in which the Pcdh17 genomic locus was replaced by
a b-galactosidase gene (Figures S1A–S1C available online).
Pcdh17 expression was detected from several amygdala nuclei,
including the medial (MeA) and basolateral (BLA) amygdala (Fig-
ure 1A). These expressions began around E16.5 and persisted
into postnatal days. Amygdala neurons project to the hypothala-
mus, as well as the ventral striatum, through a region called the
‘‘stria terminalis’’ (Figure 1B) (Dong et al., 2001). Immunostaining
of postnatal brain sections with antibodies specific to Pcdh17
showed that this protein localizes along amygdala axon fibers.
At the stria terminalis, it was detected specifically in the medial
and dorsal parts (Figure 1C). Pcdh17 protein expression in the
stria terminalis was observed at E17.5 and later stages.
For characterizing Pcdh17-positive neurons, we searched for
specific markers and found that a LIM/homeobox protein, Lhx6,
is expressed by Pcdh17-positive neurons in the MeA (Fig-
ure S1D). Lhx6-expressing MeA neurons are known to project
toward the hypothalamus through the bed nucleus of the stria
terminalis (BST) (Choi et al., 2005). We analyzed a reporter
mouse line in which cDNA encoding a membrane-targeted fluo-
rescence protein, Lyn-Venus, was knocked in to the ROSA26
genomic locus (Abe et al., 2011) in combination with Lhx6-iCre
(Fogarty et al., 2007). Lyn-Venus fluorescence was detected
along axon fibers extending from the MeA to the BST, and the
fluorescence signals colocalized with Pcdh17 throughout the
region (Figure S1E). However, in the stria terminalis, these
Pcdh17/Lhx6 double-positive axons were detected only in its
medial part. In the dorsal part, Pcdh17-positive fibers were
labeled with antibodies specific to Neuropilin (Nrp1) (Figure S1F).
Thus, the Pcdh17-positive amygdala axonswere subdivided into
Lhx6-Cre-driven fluorescence-positive and Nrp1-positive
populations.
Pcdh17 Is Required for Amygdala Axon Extension
We then analyzed phenotypes of Pcdh17 knockout mice. There
was no detectable abnormality in the overall structure of the
amygdala nuclei in Pcdh17 homozygous mutants (Figure S1G).
We counted the number of Lhx6-positive neurons in the MeA
and found no significant difference between the wild-type and674 Developmental Cell 30, 673–687, September 29, 2014 ª2014 ElsPcdh17mutants (Figure S1H), suggesting that Pcdh17 knockout
does not affect the formation of amygdala nuclei. We did notice,
however, that the size of the stria terminalis is reduced in Pcdh17
homozygous mutants (Figure 1D). The Lhx6-positive area was
decreased by approximately 40% at postnatal day 0 (P0) or P1
in the knockout brains (Figure 1E; n = 6). The Nrp1-positive
area also decreased, although severity of the phenotype differed
among the mutants. In milder cases, Nrp1-positive axons were
decreased by approximately 30%, but in the most severe cases,
they were almost completely missing (Figure 1E). Serial sections
immunostained for Nrp1 revealed that, in wild-type animals,
Nrp1-positive fibers grow as multiple foci at caudal regions,
and they gradually merge into a single fascicule at rostral regions
before entering the stria terminalis. InPcdh17mutants, the Nrp1-
positive axons appeared normal at caudal regions, but the ma-
jority of them did not reach the stria terminalis (Figure S1I). We
also performed DiI staining of the amygdala neurons. When DiI
crystals were placed in the BLA of brains fixed at P10, axon fibers
extending from the BLA toward the stria terminalis were dramat-
ically reduced in Pcdh17 knockout brains (Figure 1F). Electron
microscopic analysis revealed that the axons passing the dorsal
part of the stria terminalis are neatly aligned in parallel in the wild-
type animals, whereas this strict alignment was disrupted with
the appearance of misoriented axons in the mutants (Figure 1G).
These results suggest that Pcdh17 is required for normal axon
extension from specific subdivisions of the amygdala.
Pcdh17 Loss Impairs Growth Cone Migration along
Other Axons
To explore the cellular basis of the defects in amygdala axon
extension in Pcdh17 knockout mice, we analyzed the behavior
of axons using amygdala explant cultures. Prior to the analysis,
we estimated the proportion of neurons expressing both
Pcdh17 and Lhx6 in the amygdala. We dissociated neurons of
dissected amygdala collected from Pcdh17 heterozygous mu-
tants and stained them for X-gal and Lhx6 (Figure S2). On
average, 40% of neurons were Lhx6 positive, and about 90%
of Lhx6-positive neurons and 50% of Lhx6-negative neurons
expressed LacZ (137 neurons were measured in three indepen-
dent preparations). Thus, we reasoned that the behavior of Lhx6-
positive axons should nearly reflect the functions of Pcdh17,
although we would miss detecting its functions in Lhx6-negative
neurons. Next, we examined whether the defective extension of
Pcdh17mutant axons can be reproduced in vitro, using a ‘‘stripe
assay’’ (Kno¨ll et al., 2007). Amygdala fragments were explanted
on coverslips with stripes of poly-D-lysine (Figure 2A). In these
cultures, the growth cones of axons migrate along narrow
stripes, keeping their contacts with other axons. We quantified
axon extension in the cultures. The results showed that the num-
ber of extending axons decreased in the mutant explants, with a
greater decrease at the distal versus proximal regions (Figures
2B and 2C). These findings suggest that Pcdh17 loss impaired
growth cone migration.
To more closely examine the differences in growth cone
behavior between wild-type and mutant axons, we observed
growth cones radially migrating out of amygdala explants in con-
ventional explant cultures. Using the double-fluorescence re-
porter mouse mT/mG (Muzumdar et al., 2007) with Lhx6-Cre,
we labeled Lhx6-positive axons with membrane-targetedevier Inc.
Figure 1. Pcdh17 Is Expressed by Amygdala Neurons and Required for Their Axon Extension
(A) In situ hybridization of Pcdh17 mRNA in E17.5 brain.
(B) Amygdala axon projections.
(C) Immunofluorescence detection of Pcdh17 in P2 brain sections. cMet was used as a marker for a subset of amygdala axons whose immunofluorescence
signals partly complement Pcdh17 signals in their distribution.
(D) The area of the stria terminalis decreased in Pcdh17 mutants, compared with that in wild-type littermates, at P0.
(E) Lhx6-positive axons (white arrowheads) are reduced, and Nrp1-positive axons (blue arrowheads) are missing in Pcdh17 mutants.
(F) DiI tracing of amygdala axons from the basolateral amygdala (BLA). White arrows point to the distal ends of extending axon fascicles labeled with DiI.
(G) Electron-microscopic images of cross-sections of the dorsal part of the stria terminalis. Yellow arrowheads point to misoriented axons. BLA, basolateral
amygdala; BST, bed nucleus of the stria terminalis; fr, fimbria; Hipp, hippocampus; ic, internal capsule; MeA, medial amygdala; st, stria terminalis. Brains were
cryosectioned (A and C–E) or sliced (F) at embryonic or postnatal days indicated in each panel. Scale bars, 1 mm in (A), 200 mm in (C), (D), and (F), 100 mm in (E),
0.5 mm in (G).
See also Figure S1.
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Figure 2. Pcdh17 Is Required for Growth Cone Migration on Other Axons
(A) Schematic diagram of the stripe assay (left) and cellular images (right) in the assay. Axons grow from the explant on a stripe of poly-D-lysine. Arrowheads
indicate Lhx6-positive growth cones labeled by GFP.
(B) Axon outgrowth from amygdala explants on striped coverslips. Total axons and Lhx6-positive axons are visualized by staining for bIII-tubulin and GFP,
respectively.
(legend continued on next page)
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tdTomato. Time-lapse imaging of these axons showed that
Lhx6-positive growth cones migrated either on the substrate or
along other axons in wild-type explant cultures (Figure 2D, top;
Movie S1, left). In Pcdh17 mutant cultures, growth cones also
migrated actively on the substrate with a speed (2.4 mm/min)
comparable to that seen in wild-type cultures (2.1 mm/min, p =
0.42). However, when Lhx6-positive growth cones touched other
Lhx6-positive axons, they tended to cease migration temporarily
or permanently, resulting in collapse (Figure 2D, bottom; Movie
S1, right). Quantitative analysis showed that, although the overall
frequency of growth cone collapse was not different between the
wild-type and Pcdh17mutant cultures (Figure 2E), the frequency
of collapse significantly increased when Lhx6-positive growth
cones touched other Lhx6-positive axons in the mutant cultures
(Figure 2F, green bars). We did not find such a difference at the
contactsbetweenLhx6-positiveandLhx6-negativeaxons.These
observations suggest that Pcdh17 is required for growth cones to
keep moving along other axons within a specific population of
amygdala neurons expressing this protocadherin.
Ectopic Expression of Pcdh17 Alters Axon
Extension Pattern
To observe gain-of-function phenotypes, we overexpressed
FLAG-tagged Pcdh17 (Pcdh17-FLAG) in the amygdala, together
with an EGFP expression vector as a tracer, by in utero electro-
poration as described previously (Soma et al., 2009). In this
electroporation protocol, the neuroepithelium of the ventral
and lateral pallia was targeted, resulting in consistent detection
of EGFP in particular regions of the amygdala, including the
BLA (Figure S3A). When FLAG and EGFP were cointroduced
as a control, EGFP-labeled axons grew rostrally, as did other
amygdala-derived axons. Double immunostaining for EGFP
and endogenous Pcdh17 showed that the staining signals only
partially overlapped (Figure S3B, top), suggesting that the ma-
jority of the electroporated cells do not express endogenous
Pcdh17. EGFP-labeled axon fibers entered the stria terminalis,
but they were located ventral to the Nrp1-positive fibers (Fig-
ure 3A, top), and these fibers are segregated from one another
with minimal overlapping. When Pcdh17-FLAG and EGFP
were cointroduced into amygdala, ectopic Pcdh17 was de-
tected along EGFP-positive axons (Figure S3B, bottom). Intrigu-
ingly, ectopic expression of Pcdh17 caused fragmentation
and displacement of Nrp1-positive fascicles. At caudal regions
of the amygdala, axon fibers expressing ectopic Pcdh17
(ectPcdh17 axons, detected by EGFP staining) were detected
lateral to the Nrp1-positive fascicles, and these two groups of(C) The number of axons in each stripe was quantified by measuring fluorescenc
explant, respectively). Percentage of the mutant to the control is shown. n = 80–
(D) Live imaging of axon outgrowth from amygdala explants. The Lhx6-cre-positi
respectively. Moving Lhx6-positive growth cones are indicated by solid arrowh
number represents an identical growth cone. See also Movie S1.
(E) The number of collapse events occurring in Lhx6-positive axons in a 1 mm2 a
(F) Relative frequency of Lhx6-positive growth cone collapses. The collapsing even
axons (spontaneous, gray), those that occur at the contact with an Lhx6-negativ
negative axons overlapping in the culture (Overlap, yellow). The collapse frequ
mutants. Bonferroni’s multiple comparison test, *p < 0.05, n = 8. Axons (57 and 71
indicate SEM. Scale bars, 100 mm.
See also Figure S2.
Developmenaxons partly intermixed, causing a spatial disturbance of Nrp1-
positive areas (Figure 3A, bottom rightmost). At more rostral
regions, other ectPcdh17-positive fibers (Figure 3A, asterisk)
invaded these regions, again showing a partial overlap with
Nrp1-positive fibers. At the stria terminalis, ectPcdh17 axons
occupied the region at which the Nrp1-positive fibers were orig-
inally located (Figure 3A, bottom, image 1), pushing the latter
more medially. This phenotype was observed in about 40% of
the embryos electroporated with Pcdh17-FLAG (n = 15). These
observations suggest that the ectopic expression of Pcdh17 in
a specific group of axons led them to merge at least partly with
those expressing endogenous Pcdh17.
Because cadherin superfamily members mediate cell-cell in-
teractions via their extracellular domain (Hirano and Takeichi,
2012), we tested whether the extracellular domain was sufficient
for inducing the alterations in the axon extension pattern. We
overexpressed two deletion mutants of Pcdh17, FLAG-tagged
Pcdh17DNap1BP, and Pcdh17DCP (Figure 3B), both of which
contain the normal extracellular domain and defective cyto-
plasmic domains. Expression of these mutant molecules altered
the axon patterning similarly to full-length Pcdh17 (Figures 3C
and 3D), suggesting that the extracellular domain is responsible
for the observed changes in axon distribution. Unlike axons
expressing the full-length Pcdh17, however, those expressing
the mutant molecules tended to clump irregularly, as assessed
by the thicker appearance of fluorescence-positive fibers (Fig-
ures 3D and S3C). Then we examined the neuronal bodies
sending these axons and found no detectable difference in
the number of neurons between control and Pcdh17 or its mu-
tants-electroporated amygdala (Figure S3D). However, in the
case of Pcdh17DCP-expressing neurons, the neuronal bodies
themselves tended to aggregate (Figure S3D). These findings
suggest that the extracellular domain of Pcdh17 promotes the
adhesive interactions between axons, whereas its cytoplasmic
domain modifies this process.
Interaction of Pcdh17 with the WAVE Complex
To identify the mechanisms by which the Pcdh17 cytoplasmic
domain regulates axon-axon interactions, we sought molecular
partners of Pcdh17 by pull-down assays using glutathione S-
transferase (GST)-Pcdh17 cytoplasmic domain fusion proteins.
Mass spectrometric analysis of the coprecipitated materials
identified Nap1 as a major protein to interact with Pcdh17. The
coprecipitated proteins, however, also included WAVE1 and
Abi-1 (Figure 4A), all of which are components of theWAVE com-
plex, a regulator of actin polymerization (Takenawa and Suet-
sugu, 2007). Interactions between Pcdh17 and WAVE complexe intensity on axons at a proximal and distal region (150 and 350 mm from the
85. Bonferroni’s multiple comparison test, **p < 0.01, ***p < 0.001.
ve and Lhx6-cre-negative axons are visualized by green and red fluorescence,
eads, and collapsed growth cones are indicated by open arrowheads. Each
rea per hr. Mann-Whitney U test, p = 0.38. n = 8.
ts were grouped into four categories: those that occur without contacting other
e axon (Lhx6-, red), an Lhx6-positive axon (Lhx6+, green), and Lhx6-positive/
ency at the contacts between Lhx6 axons significantly increased in Pcdh17
) were observed in the wild-type and Pcdh17mutants, respectively. Error bars
tal Cell 30, 673–687, September 29, 2014 ª2014 Elsevier Inc. 677
Figure 3. Exogenous Pcdh17 Alters the Pattern of Amygdala Axon Extension
(A) Distribution of axons cotransfected with EGFP and FLAG (top) or Pcdh17-FLAG (bottom) at three different areas of amygdala axon fascicles. Nrp1 is
coimmunostained in red. Axons expressing exogenous Pcdh17 intermingle with a subset of Nrp1-positive axons at a caudal portion of the amygdala and push
them aside at the stria terminalis (st). Brains were cryosectioned at 8 days after electroporation.
(B) Schematic diagrams showing full-length Pcdh17, and deletion mutants lacking the Nap1 binding regions or most of the cytoplasmic domain.
(C and D) Distribution of axons cotransfected with EGFP and FLAG (control), FLAG-tagged Pcdh17, Pcdh17DNap1BP, or Pcdh17DCP. (C) Cryosections of the
region containing the stria terminalis, as prepared in (A). (D) Thin slices prepared at a region caudal to the stria terminalis. A white arrow indicates an example of
clumped axons. White arrowheads indicate Nrp1 signals that overlap with EGFP signals. Asterisks indicate axons growing from an anterior area of the amygdala,
separately from other axons visible in the panels. Scale bars, 100 mm.
See also Figure S3.
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Figure 4. Nap1 and Other Components of the WAVE Complex Associate with the Pcdh17 Cytoplasmic Domain
(A) A series of deletionmutants of Pcdh17 (b to i) was taggedwithGST and subjected to pull-down assays using neonatal mouse brain lysates. Nap1 interacts with
both the aa 727–872 and the aa 961–1009 regions of Pcdh17. WAVE1 and Abi-1 were also pulled down with the full-length cytoplasmic domain. The right panel
shows Coomassie brilliant blue staining for isolated mutant proteins.
(B) Nap1and WAVE1 coimmunoprecipitate with Pcdh17 from neonatal brain lysates.
(C) Lamellipodin (Lpd) and WAVE complex proteins coimmunoprecipitated with Abi-1.
(D) WAVE complex proteins coimmunoprecipitated with Lamellipodin.
Asterisks in (C) and (D) indicate bands of immunoglobulin G used for immunoprecipitation.
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immunoprecipitation using brain lysates (Figure 4B).
Pull-down assays using a series of deletionmutants of Pcdh17
showed that Nap1 binds to two regions, amino acids (aa) 727–
872 and 961–1009, of the Pcdh17 cytoplasmic domain (Fig-
ure 4A). Previous studies showed that two other members of
the d2-protocadherin family, Pcdh10 (Nakao et al., 2008) and
Pcdh19 (Tai et al., 2010), also bind Nap1 but only at a single
site. The sequence TFGK(D/E) in the aa 961–1009 region is
conserved among these three d2-protocadherins, consistent
with a recent report that a motif that includes this sequence is
responsible for the binding of proteins to the WAVE complex
(Chen et al., 2014), although Pcdh17 appears to have additional
sites for this binding.
Pcdh17 Recruits WAVE Complex to Axon Contacts
Next, we examined whether amygdala axons can recruit WAVE
complex proteins to their mutual contacts in a Pcdh17-depen-Developmendent manner, using cultures of amygdala explants. In wild-
type growth cones that are freely migrating on the substrate,
Pcdh17 was distributed as scattered signals, and Abi-1, one of
the WAVE complex proteins, was localized at the tips of lamelli-
podia/filopodia (Figure 5A). When an Lhx6-postive growth cone
was in contact with another Lhx6-positive axon, Pcdh17 was
sharply condensed together with Nap1 or Abi-1 at the contact
sites (Figure 5B, +/+; Figure S4A, +/+). In Pcdh17 null amygdala
cultures, the immunostained signals for these molecules dimin-
ished or disappeared from Lhx6-postive growth cone-axon
contacts (Figure 5B, /; Figure S4A, /). Accumulation of
Pcdh17 at the growth cone-axon contacts also occurred when
Lhx6-negative neurons were involved but did so less frequently
than at the contacts between Lhx6-positive neurons (Figure 5C,
left). Quantitative analysis of these Abi-1 data confirmed that the
occurrence of Abi-1 accumulation at growth cone-axon contacts
between Lhx6-positive neurons decreased in Pcdh17 mutants
compared to wild-type (Figure 5C, right).tal Cell 30, 673–687, September 29, 2014 ª2014 Elsevier Inc. 679
(legend on next page)
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can recruit Nap1 to axon-axon contacts. We doubly transfected
amygdala with Pcdh17-EGFP and Nap1-mKOR by electropora-
tion and observed growth cones in their explant cultures by
time-lapse imaging. Pcdh17-EGFP and Nap1-mKOR tempo-
rarily colocalized at the contact sites between growth cones
and other axons (Figure 5D; Movie S2). The two proteins also
colocalized at contact sites between axon stems (Figure S4B),
and such colocalization was not detectable in axons expressing
control EGFP or Pcdh17DNap1BP-EGFP (Figure S4B). These
results confirmed that Pcdh17 recruits WAVE complexes to in-
teraxonal contact sites.
Pcdh17 Recruits Lamellipodin and Ena/VASP
to Axon Contacts
To further investigate how the Pcdh17-bound WAVE complex
functions at interaxonal contact sites, we sought molecules
that may work downstream of this complex. We first examined
localization of ArpC2, a subunit of the Arp2/3 complex, which
is downstream of the WAVE complex. Although ArpC2 localized
adjacent to Abi-1, it did not colocalize well with Abi-1 (Fig-
ure S4C), suggesting that Arp2/3 may not be a direct target of
the Pcdh17-bound WAVE complex. Recent studies showed
that Abi-1 interacts with Lamellipodin (Lpd)/MIG10 (Law et al.,
2013; McShea et al., 2013), a protein that binds Ena/VASP,
and this complex regulates cell migration (Krause et al., 2004;
Law et al., 2013). We confirmed that Lpd coimmunoprecipitated
with Abi-1, as well as with other components of the WAVE com-
plex (Figures 4C and 4D). We then examined localization of Lpd
and found that Abi-1 and Lpd colocalized at contact sites of
Lhx6-postive growth cone and axon (Figure S4D, +/+). We also
detected the Ena/VASP protein Mena, which is shown to bind
Lpd (Krause et al., 2004), at Lhx6-positive growth cone-axon
contact sites. It colocalized with Lpd (Figure 5E, +/+). Lpd and
Mena were not particularly concentrated at growth cone-axon
contact sites in the absence of Pcdh17 (Figure 5E; Figure S4D,
/). Thus, Pcdh17 recruits not only WAVE complex proteins
but also Lpd and Ena/VASP proteins to axon-axon contacts.
Pcdh17-Mediated Intercellular Contacts Acquire
Leading-Edge-like Motility
To investigate detailed roles of actin regulators bound to
Pcdh17, we created a model system using human astrocy-
toma-derived U251 cells, which show directional movement
similar to that of growth cones (Nakao et al., 2008). We trans-
fected these cells with Pcdh17 cDNA and obtained stable trans-
fectant lines. Pcdh17was concentrated at contact sites betweenFigure 5. Pcdh17-Dependent Recruitment of Actin Regulators to Axon
(A) Localization of Pcdh17 and Abi-1 in an Lhx6-positive growth cone. Arrowhea
(B) Colocalization of Pcdh17 and Abi-1 at the sites at which an Lhx6-positive grow
to the contact zone. Immunofluorescence intensity was scanned along the bar in
(C) Ratio of Pcdh17-positive growth cone-axon contacts in different combinations
Abi-1 positive growth cone-axon contacts in three different categories of the con
mutants, respectively.
(D) Live imaging of a moving growth cone expressing Pcdh17-EGFP and Nap1-m
expressing the two proteins (blue arrows). See also Movie S2.
(E) Colocalization ofMena and Lpd at the sites at which an Lhx6-positive growth co
contact zone. Immunofluorescence intensity was scanned along the bar indicate
See also Figure S4.
Developmenthe transfectants. However, when these were mixed with non-
transfected cells, Pcdh17 never became concentrated at the
heterotypic contact sites (Figure S5A), confirming the homophilic
binding nature of this molecule. To test whether Pcdh17 plays
any role in cell migration, we labeled cells with monomeric Kusa-
bira-orange (mKOR), mixed them with nonlabeled cells at a 1:25
ratio in various combinations, and tracked the labeled cells in
confluent cultures by time-lapse movies (Figure S5B; Movie
S3). The results showed that the labeled cells are more motile,
with longer trajectories of migration, in the mixtures of labeled
and nonlabeled Pcdh17-transfected cells versus control cells
(Figure S5C). The mean velocity of migration, measured over
5 hr, was significantly higher in Pcdh17 transfectants than in con-
trol cells (Figure S5D). Increased cell migration was not observed
when labeled Pcdh17-transfeted cells were mixed with non-
labeled control cells or vice versa. When Pcdh17DNap1BP-
EGFP was expressed instead of the full-length Pcdh17, it did
not enhance cell migration (Figure S5D). These results suggest
that Pcdh17 promotes cell migration via homophilic interactions,
as well as by binding to the WAVE complex.
To analyze the role of the WAVE complex, we obtained cells
doubly transfected with cDNAs encoding Nap1-mKOR and
Pcdh17-EGFP or singly transfected with Nap1-mKOR only. Us-
ing their confluent cultures, we collected time-lapse images
of Nap1, as a representative of the WAVE complex. Pcdh17
was condensed at cell-cell contact sites in a punctate pattern,
and Nap1 signals coclustered with some of the Pcdh17 signals
(Figure S5E; Movie S4), as observed at growth cone-axon
contacts. These Nap1-Pcdh17 coclusters moved forward as
cells migrated. The condensed Nap1 signals, however, disap-
peared within 2 to 4 min, although Pcdh17 signals remained,
suggesting that their interaction is transient. Nevertheless, new
Nap1-Pcdh17 coclusters constantly appeared at the boundaries
between moving cells. To analyze the behavior of Pcdh17/Nap1
coclusters in higher resolution, we observed the coclusters
formed between a pair of cells, using low-density cultures of
U251 cells that coexpress Nap1-mKOR and Pcdh17-EGFP or
Pcdh17DNap1BP-EGFP. As a control, we used cells expressing
only Nap1-mKOR. In all of these transfectants, Nap1-mKOR
decorated the lamellipodia of isolated moving cells. When con-
trol cells collided with one another, lamellipodial activity faded
away and Nap1 signals disappeared from the contact sites (Fig-
ure 6A; Movie S5, left). This also occurred in Pcdh17DNap1BP-
EGFP transfectants (Figure 6B; Movie S5, middle). In contrast
with these observations, when Pcdh17-transfected cells collided
with one another, Nap1 still remained at cell-cell contacts (Fig-
ure 6C; Movie S5, right). Subsequently, this intercellular Nap1-Axon Contacts
ds point to representative Abi-1 signals located at the peripheries.
th cone attaches to the stem of another Lhx6-positive axon. Arrowhead points
dicated. Asterisks indicate nonspecific immunostaining signals.
of Lhx6-positive and Lhx6-negative neurons. n = 44. At right, the percentage of
tacts is shown. Explants (22 and 19) were examined for wild-type and Pcdh17
KOR. The signals cocondense when the growth cone attaches to other axons
ne attaches to the stemof another Lhx6-positive axon. Arrowhead points to the
d. Scale bars, 10 mm.
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the cell-cell boundary, despite the ubiquitous localization of
Pcdh17 through cell-cell contact sites. At the next stage, the
cellular edges containing the Nap1-positive contacts began to
protrude, leading the cells to move forward via these specific
structures (Figure S5F; Movie S6). This condensation of Nap1
at cellular edges persisted for 10 min on average, a little longer
than observed in confluent cultures. As the condensed Nap1
faded away, the protrusion simultaneously disappeared.
To further analyze Nap1 dynamics during these processes, we
observed Nap1-mKOR at 5 s intervals. The sharp Nap1 signals
gradually moved aheadwith somewavingmotions at the tip (Fig-
ure 6D;Movie S7, left). From these junctional Nap1 signals, some
arc-shaped Nap1 signals periodically appeared and then moved
away laterally. Some of these Nap1 arcs moved anteriorly to
organize a new front edge of the cell, suggesting their active
contribution to membrane protrusion. In cells not expressing
Pcdh17, we occasionally detected faint Nap1-mKOR signals at
cell-cell contact sites. Even in such cases, we did not observe
any protrusion of the cellular edges (Figure 6E; Movie S7, right).
Other components of the WAVE complex, Abi-1 and WAVE2,
were also detected from the protruding cell-cell contacts orga-
nized by Pcdh17 (Figures S5G and S5H).
We then analyzed Pcdh17-dependent protrusions by differen-
tial interference contrast (DIC) imaging. In migrating cells, the
ruffling membranes of the leading edges generally show a cyclic
retrograde movement. Strikingly, in the Pcadh17-mediated pro-
trusions, membrane ruffling occurred from the cell-cell contact
zone and propagated diagonally to the backward regions (Fig-
ure 6F; Movie S8, left). Kymographic analysis confirmed that
membrane ruffles are periodically generated from the cell-cell
contact zones (Figure S5I). The kymograms also confirmed
that whereas the edge of the protrusion persistently moves
forward, other leading edges repeatedly advance and retract
(Figure S5I, right panels), as reported previously (Burnette
et al., 2011; Giannone et al., 2007). No such peculiar membrane
dynamics were observed at contact sites between control cells
(Figure 6G; Movie S8, right). We also analyzed the velocity
and persistency of the leading edges with or without Pcdh17.
We found no significant difference in the velocity of leading
edges at noncontact zones between control, Pcdh17, and
Pcdh17DNap1BP cells (Figure 6H, left graph). However, at the
contact zones, the velocity was significantly higher in Pcdh17
transfectants than in control or Pcdh17DNap1BP transfectants
(Figure 6H, middle two graphs). The persistency of the leadingFigure 6. Pcdh17 Recruits Nap1 to Cell-Cell Contacts and Remodels C
(A–C) Time-lapse live imaging of Nap1-mKOR in control cells (A) and in cells expr
low-magnification image taken at the beginning of the movies is shown. Arrows po
of Nap1-mKOR at the boxed area (middle) and amerged image of Nap1-mKOR an
Note that Nap1-mKOR forms a sharp line only in (C). See also Movies S3, S4, an
(D and E) Time-lapse live imaging of Nap1-mKOR in Pcdh17-EGFP-transfected
edge. Arrows indicate examples of moving Nap1-mKOR signals. In Pcdh17-trans
right. See also Movies S6 and S7.
(F andG) Time-lapse DIC imaging of a peripheral contact between a pair of Pcdh17
of the immunofluorescence image. Red lines at the right indicate a net advance of t
contact. Yellow arrows point to a membrane wave propagating from the cell-cel
(H) Quantitative analysis of the cell-edge advance at cell-cell contact points. The v
contacting edges as illustrated at the left. Bonferroni’s multiple comparison test.
See also Figure S5.
Developmenedges was also increased at the contact zones in Pcdh17 trans-
fectants, indicating that the net forward movement increased at
the intercellular contact zones in Pcdh17 transfectants (Fig-
ure 6H, rightmost graph). These observations suggest that the
Pcdh17-mediated contacts generate a transient machinery to
promote the motility of cellular edges. In confluent cultures,
such machinery seems to successively form at multiple sites of
a cell-cell boundary.
We also compared the activity of Pcdh17-dependent protru-
sion among a series of deletion mutants lacking the Nap1
(WAVE complex) binding sites (Figure S5J). Pcdh17DNap1BP-
N (deletion of aa 727–869) showed a reduced ability to promote
protrusion velocity and lacked the ability to support protrusion
persistency, whereas Pcdh17DNap1BP-C (deletion of aa 961–
1009) lost both abilities, indicating that the aa 961–1009 region
plays a more critical role in Pcdh17-dependent cell migration
than does the aa 727–869 region. When transfectants express-
ing full-length Pcdh17 and Pcdh17DNap1BP were mixed, the
velocity was weakly enhanced at heterotypic contact sites (Fig-
ure S5J, right), suggesting that Pcdh17DNap1BP could serve as
a ligand for full-length Pcdh17.
Lamellipodin and VASP Cooperate with WAVE
Complexes for Pcdh17-Mediated Membrane Protrusion
As Lpd and Mena were recruited to interaxonal contacts by
Pcdh17, we further tested whether these molecules are involved
in the Pcdh17-mediated leading edge protrusion. In Pcdh17-ex-
pressing U251 cells, we detected Lpd and VASP, a relative of
Mena, at cell-cell contacts and found that these molecules colo-
calized with Pcdh17 or Nap1 (Figures 7A–7D). Such intercellular
condensation of Lpd and VASP was not observed in control
cells. To confirm the interactions between these molecules, we
depleted each protein with specific siRNAs (Figure S6A) and ob-
tained the following results (Figures 7B–7E): Nap1 depletion
abolished both Lpd and VASP accumulation. Lpd depletion
also removed VASP but did not remove Nap1, although the
Nap1 signals became diffuse. In both cases, the protrusive
structures disappeared, even though Pcdh17 remained at cell-
cell contacts. On the other hand, VASP depletion removed
neither Nap1 nor Lpd. Nevertheless, VASPdepletion significantly
suppressed Pcdh17-mediated protrusion (Figure 7F). All of
these siRNA-induced phenotypes were rescued by coexpress-
ing RNAi-resistant homologous molecules (Figures S6B–S6D).
These results suggest a sequential association of these mole-
cules; that is, theWAVE complex recruits Lpd to cell-cell contactell-Edge Motility
essing Pcdh17DNap1BP (B) or full-length Pcdh17 (C). At the left of each row, a
int in the direction of cell movement. The other panels show time-lapse images
d EGFP (right). Yellow arrowheads point to newly formed cell-cell contact sites.
d S5.
(D) and control (E) cells. Arrowheads point to the cell-cell contact at a cellular
fected cells, these signals propagate laterally or anteriorly, as illustrated at the
-transfected (F) or control (G) cells. Imageswere collected from the boxed area
he edge during a 125 s observation. Arrowheads point to the position of cell-cell
l contact. See also Movie S8.
elocity and persistency of themoving edgewasmeasured at the free edges and
**p < 0.01; ***p < 0.001, n = 23–25. Error bars indicate SD. Scale bars, 10 mm.
tal Cell 30, 673–687, September 29, 2014 ª2014 Elsevier Inc. 683
Figure 7. Nap1, Lamellipodin, and VASP Are Required for Pcdh17-Induced Protrusion of the Contacting Edges
(A) Schematic diagram showing a ‘‘contacting edge’’ analyzed in the studies.
(B) Lpd is recruited to Pcdh17/Nap1-positive contacts, and this process is inhibited by Nap1 depletion. Reciprocally, the junctional condensation of Nap1 is partly
impaired by Lpd depletion. Both Nap1 and Lpd depletion suppress the Pcd17-dependent protrusion of cell edges.
(C) VASP is recruited to Pcdh17/Lpd-positive contacts, and this process is inhibited by Lpd depletion. On the contrary, VASP depletion does not remove Lpd from
the contact sites. Nonjunctional VASP signals correspond to focal adhesions.
(legend continued on next page)
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findings (Krause et al., 2004). The recruited VASP likely plays
a role in the protrusion of Pcdh17-mediated cell-cell contacts.
However, we cannot rule out the possibility that other Ena/
VASP proteins are also involved in these processes.
Additionally, we found that inhibitors of Rac (Onesto et al.,
2008), which acts upstream of the WAVE complex (Takenawa
and Suetsugu, 2007), abolished the Pcdh17-mediated recruit-
ment of Nap1 or VASP to cell-cell contacts (Figure S6E). This
suggests that Rac controls the observed WAVE complex/Lpd
dependent phenomena, as observed by a recent study (Law
et al., 2013).
DISCUSSION
d2-protocadherins are known to promoteweak homotypic adhe-
sion between cells, via their homophilic interaction (Hirano et al.,
1999; Tai et al., 2010). Consistent with this, Pcdh17 accumulated
at homotypic cell-cell contact sites. Unlike the classical cadher-
ins, however, Pcdh17 promoted cell motility rather than stable
adhesion. Pcdh10 also promotes cell migration by competing
with N-cadherin, which is generally required for stable adhesion
(Nakao et al., 2008). Thus, d2-protocadherins seem to have
apparently conflicting functions, in that they can promote both
adhesion andmotility. Our present findings suggest that, through
this unique ability, Pcdh17 sustains growth cone migration, and
this function of Pcdh17 is mediated with a complex of actin reg-
ulators bound to the cytoplasmic domain of Pcdh17.
Pcdh17-Mediated Axon-Axon Interactions
Our analysis of the behavior of Pcdh17 null axons in vivo and
in vitro indicated that the growth cones of axons require this
protocadherin for normal migration along other axons. Ectopic
expression of Pcdh17 in amygdala neurons provided additional
information on the roles of Pcdh17. Overexpression of this
molecule in a group of amygdala axons that do not normally ex-
press this protocadherin led these axons to intermingle with
other axons expressing endogenous Pcdh17. Similar artificial
regrouping of axons was also induced by the ectopic expression
of Pcdh17DNap1BP-EGFP, as well as of Pcdh17DCP, indicating
that the extracellular domain of Pcdh17 is sufficient to induce the
observed rearrangement of axons. These observations support
the idea that Pcdh17 regulates grouping of axons, presumably
through its homophilic interaction between the extracellular
domains.
Importantly, in these experiments, we noticed that, although
axons expressing the full-length Pcdh17 are evenly distributed
within the fascicle, those expressing the mutants, whose cyto-
plasmic domain is defective, tended to clump together. This(D) Pcdh17-dependent recruitment of VASP is abolished by Nap1 depletion. On
depletion.
(E) Summary of the effects of depletion of Nap1, Lpd, and VASP on their localiza
(F) Effects of VASP depletion on themotility of cell edges. The velocity of edgemov
ratio of the velocity of each edge is shown at the right. Bonferroni’s multiple com
(G) Amodel for the contact-dependent promotion of lamellipodial activity by Pcdh1
proteins, to cell-cell contacts. Ena/VASP proteins would remodel actin dynamic
mechanism to move along homologous axons. The shapes of the molecules are
See also Figure S6.
Developmenobservation suggested that the cytoplasmic domain of Pcdh17
might have the ability to suppress stable sticking between
axons. An adhesion-inhibitory function of the cytoplasmic
domain was also reported for Pcdh19 (Tai et al., 2010). Further
analyses provide evidence that the Pcdh17 cytoplasmic domain
modulates cell-cell contacts by recruiting theWAVE complex, as
well as Lpd and Ena/VASP proteins, and this system actively
promotes cell motility rather than simply inhibiting adhesion.
Pcdh17-Mediated Growth Cone Migration
How do these actin regulators modulate cell-cell contacts and
regulate growth cone migration? Live imaging of Nap1 revealed
the following behavior of this molecule: Nap1 is generally local-
ized along the lamellipodia of migrating cells. This lamellipodial
Nap1 disappeared when cells contacted one another, consis-
tent with the idea of ‘‘contact inhibition of locomotion’’ (Aber-
crombie, 1979). However, Pcdh17 counteracted the contact
inhibition process by recruiting the WAVE complex, Lpd and
Ena/VASP proteins to cell-cell contacts. Notably, the Lpd-Ena/
VASP system normally functions at the leading edges of cells.
Redistribution of this system to cell-cell contacts therefore
should have altered actin dynamics at these sites. We indeed
found that membrane ruffles were ectopically generated from
the Pcdh17-mediated contact sites, suggesting that junctional
Ena/VASP also works here to control actin dynamics. We also
found that the edge of Pcdh17-mediated contacts moved for-
ward more persistently than other cell edges. These structures
only transiently appeared but formed one after another at con-
tact sites between cells, suggesting that the Pcdh17 maintains
cell migration by successively recruiting actin regulators to these
sites.
Important questions remain unanswered. How did the
Pcdh17-dependent concentration of Nap1 become polarized
toward the cell periphery in U251 cells? How did this occur
only transiently? We speculate that Rac could be involved in
this process. We found that Pcdh17-induced recruitment of
Nap1 to cell contacts depends on Rac activity, and recent
studies showed that Rac positively regulates the WAVE-Lpd
interaction (Law et al., 2013). These suggest that Rac may con-
trolWAVE-Lpd interactions only at the peripheries of Pcdh17-ex-
pressing cells, although the transient nature of these interactions
remains to be elucidated.
Taken together, we propose a Pcdh17-dependentmechanism
of collective axon extension: Pcdh17 induces contact between
axons via its extracellular domain and simultaneously enhances
the motility of growth cones at the contact sites via interactions
of its cytoplasmic domain with actin regulators (Figure 7G).
Through this mechanism, axons should be able to mutually facil-
itate their advances. A recent study suggests that Pcdh17 isthe contrary, Pcdh17-dependent recruitment of Nap1 is not affected by VASP
tion at the contacting edges.
ement wasmeasured at the free and Pcdh17-mediated contact edges, and the
parison test. **p < 0.01, n = 12–18.
7. Pcdh17 recruits theWAVE complex, and in turn Lamellipodin and Ena/VASP
s and enhance the motility of the contact zone. Growth cones may use this
arbitrarily drawn. Scale bars, 10 mm.
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mains unclear whether the Pcdh17/ WAVE complex-dependent
mechanisms also work in synapses. Further comprehensive
analysis of d2-protocadherin members will facilitate our under-
standing of the functions of this molecular family in various
cell-contact events.
EXPERIMENTAL PROCEDURES
Mice
We designed a target vector to produce a null mutation of Pcdh17 (accession
number CDB0838K, http://www.cdb.riken.jp/arg/mutant%20mice%20list.
html) by replacing the whole first exon after the start codon (2,556 bp after
ATG) with a lacZ-neo selection cassette. Mice were backcrossed with the
C57BL/6N line. The phenotypes observed were essentially identical in the
F1 to F6 generations. The R26R-Lyn-Venus mouse (accession number
CDB0219K, http://www.cdb.riken.jp/arg/reporter_mice.html) was described
previously (Abe et al., 2011). Lhx6-iCre (Fogarty et al., 2007) and mTmG re-
porter (Muzumdar et al., 2007) mice were a kind gift from N. Kessaris and L.
Luo, respectively. The day of detection of the vaginal plug was defined as
E0.5. We handled mice in accordance with the ethics guidelines of the RIKEN
Center for Developmental Biology.
Plasmid Construction
cDNAs for mouse Pcdh17 and Lamellipodin were cloned from the Marathon
mouse brain cDNA library (Takara). Mouse Nap1 cDNA was a kind gift from
T.E. Stradal. Mouse VASP cDNA was obtained from the FANTOM3 cDNA
library (RIKEN). cDNAs were inserted into pCA-IRES-Neo or pCA-IRES-Hygro
expression vectors containing EGFP, mKOR, FLAG, or 6 3 His.
In Utero Electroporation
In utero DNA transfer to the amygdala by electroporation was done as previ-
ously described (Soma et al., 2009). Details of in utero electroporation are
described in the Supplemental Experimental Procedures.
Cell and Amygdala Explant Cultures
U251 cells were cultured in a Dulbecco’s modified Eagle’s medium/F-12 me-
dium (Wako) containing 10% FCS. Rac inhibitor EHT1864 (Sigma Aldrich)
was dissolved in H2O. The effects of inhibitors were examined 30 min after
the application to cell cultures. For conventional amygdala explant cultures,
amygdala regions were isolated from brains of E17.5 mice and manually frag-
mented into pieces of approximately 200 mm in diameter. These fragments
were plated on Laminin-coated coverslips (BD Biosciences) in Neurobasal
Medium (Invitrogen) with a B27 supplement (Invitrogen).
Live Cell Imaging and Quantitative Analysis
Live imaging of U251 cells was performed using the DeltaVision Core system
(Applied Precision). U251 cells were cultured on 35 mm collagen-coated
glass-bottom dishes (Iwaki) with L-15 medium (Invitrogen) containing 10%
FCS at 37C. Time-lapse images were acquired at 512 3 512 pixels and
binning 2 3 2 through Plan Apochromat N60 3 1.40 NA objective lenses
(Olympus) and a cooled CCD camera (CoolSNAPHQ2; Photometrics). Live im-
aging of amygdala explant cultures at 5–6 days in vitro (DIV5–6) was performed
at 37C using a laser confocal microscope: IX71 (Olympus) equipped with
spinning-disc unit CSU-X1 (Yokogawa). Time-lapse images of amygdala
explant cultureswere acquired at 1,0003 700 pixels and binning 23 2 through
a UPLSAPO 20 3 0.75 NA objective lens (Olympus) and a scientific CMOS
camera (Neo CMOS; Andor). Images were processed using MetaMorph soft-
ware (Molecular Devices) and analyzed with ImageJ software (http://imagej.
nih.gov/ij/). Statistical analysis was performed using GraphPad Prism4 soft-
ware (GraphPad Software).
Immunochemistry and Histology
Polyclonal antibodies specific to Pcdh17 were raised by immunizing a rabbit
with GST-Pcdh17 containing aa 1025–1127 of Pcdh17 and were subsequently
affinity-purified with the antigen. Rat monoclonal antibody against Nap1 was
previously described (Nakao et al., 2008). Commercially purchased antibodies686 Developmental Cell 30, 673–687, September 29, 2014 ª2014 Elsare listed in the Supplemental Experimental Procedures. Immunochemical,
immunohistochemical, and histological methods are also described in the
Supplemental Experimental Procedures.
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